Abstract: This paper presents a discontinuous space vector modulation technique for unbalanced two-phase three-leg inverters. This technique is based on the shift-angle and generalized modulation algorithm obtained for generating the unbalanced two-phase output voltage. Furthermore, the discontinuous switching sequence intends to improve the commutations of power switching devices in each inverter leg that achieves a minimum number of switching state changes in one sampling cycle. Therefore, the switch commutations can be reduced by one-third in one main period. The stepby-step procedure of the modulation algorithm for easy implementation in a digital control platform is discussed. The performance of the developed modulation technique is verified through both simulation and experimental results in a nonunity power factor balanced two-phase load and asymmetrical two-phase induction motor drive.
Introduction
In order to confront the reduced switching losses and high-performance requirements for inverters, low switching frequency operations and modified modulation techniques have intensively been studied [1] [2] [3] [4] [5] . The discontinuous space vector modulation (SVM) techniques are more widely used for better performance of the inverter, in which each phase of the inverter is clamped to either negative or positive DC-link voltage for an interval of one-third in one main period. It can reduce the switching losses compared with the continuous SVM or carrier-based pulse-width modulation (CBPWM) [6] [7] [8] [9] [10] [11] [12] .
The standard three-leg inverter can generate balanced and unbalanced two output voltages. It has been extensively applied to two-phase load systems such as the adjustable-speed drive of the two-phase induction motors [13] [14] [15] [16] [17] , the single-phase three-wire inverter for battery energy storage systems [18] , and single-phase three-wire photovoltaic energy conversion systems [19, 20] . In recent years, the research topics of the modulation technique for the balanced and unbalanced two output voltages using the three-leg inverter topology mainly include the reduction of output current ripple, reduction of switching frequency, modification of the modulation algorithm, and low switching frequency operation [17, 21] .
Several efforts have been proposed in the literature for improving the performance of the two-phase threeleg inverter based on SVM techniques. The SVM technique was first used for the two-phase three-leg inverter in order to control the two-phase induction motor drive [14] . This paper focused on the continuous SVM technique for generating the balanced two output voltages. The output current waveform is less distorted because the * Correspondence: watcharin.s@eng.cmu.ac.th This work is licensed under a Creative Commons Attribution 4.0 International License.
low-order harmonics are not present in the output voltage. The expressions of the continuous SVM technique for the unbalanced two-phase three-leg inverter were presented in [16] and the switching losses and current ripple reduction based on discontinuous SVM technique were introduced in [17] . This technique can reduce the output current ripple and switching losses at high modulation index operation. However, the switching sequence selection has not been discussed. Moreover, the limitation of this technique is that the location of the active voltage vectors divides into ten sectors, which complicates the switching sequences.
The main contribution of this paper is the proposal of the discontinuous SVM technique for an unbalanced two-phase three-leg inverter that will ensure a minimum number of switching state changes in one sampling cycle in order to reduce the commutation of the power switching devices in each leg of the inverter. A generalized method for the SVM algorithm can be applied to any two-phase three-leg inverter. The paper is organized as follows. Section 2 describes the two-phase system of the three-leg inverter. The proposed discontinuous SVM algorithm to control unbalanced two output voltages is discussed in Section 3. The simulation and experimental results, which verify the modulation technique, are discussed in Section 4. The output current and voltage waveforms and total harmonic-distorted output voltages are presented and discussed. Finally, the conclusion is given in Section 5.
Two-phase three-leg inverter system configuration
Currently, the balanced and unbalanced two-phase voltage can be developed using the standard three-phase inverter. This inverter topology has been widely used in industry for the adjustable-speed drives of two-phase induction machines. The typical power stage of a three-leg inverter for a two-phase load system is shown in Figure 1 . There is a full-bridge converter having six power switches, with an antiparallel free-wheeling diode with each. The constant DC-link voltage by rectifier is delivered to the input inverter. Generally, the two output voltages can be controlled independently using the three-leg inverter with a modulation technique. Based on the equivalent circuit in Figure 1 , the output pole voltages in each leg of the inverter are given by
where v AO , v BO , v CO are the pole voltages, m a is the modulation index (0 < m a ≤ 1.0), V dc is the DC-link voltage, ω s t is the electrical angular, and θ v is the shift-angle for the unbalanced two output voltages.
Considering that the three-leg inverter supplies the two-phase load, the unbalanced two output voltages v AB and v CB can be expressed as
where v AB is the output voltage between leg-A and leg-B and v CB is the output voltage between leg-C and leg-B . From Eqs. (4) and (5), it can be found that the unbalanced two output voltages v AB and v CB are obtained from the voltage difference between each voltage leg, depending on the control of the common pole voltage in leg-B . Therefore, the unbalanced two output voltages can be adjusted by the shift-angle θ v of the common pole voltage v BO . As a consequence, the two output voltages are unequal such that v AB can be adjusted higher or lower than each output voltage, v CB , while the phase difference of the two output voltages is kept perpendicular.
For the unbalanced output voltages, the relationship between the ratio of output voltage inverter V AB /V CB and shift-angle θ v can be expressed as [21] :
To explain the merits of the unbalanced two-phase three-leg inverter, the relationship between the shiftangle θ v and modulation index m a of the corresponding two output voltages in pu is shown in Figure 2 .
Provided that the shift-angle is a positive value (0 
Proposed discontinuous SVM technique for the unbalanced two-phase three-leg inverter
Space vector modulation has the ability of fast realization in real-time applications and is widely used for digital control of inverters. The average switching frequency of the output signals can be limited in order to reduce excessive switching losses in the inverter. This section presents the discontinuous SVM technique for generating unbalanced output voltages by using the two-phase three-leg inverter.
Space vectors
The two-phase three-leg inverter can be represented by the space vector diagram. Eight voltage space vectors exist in a three-leg inverter, as shown in Figure 3 . ⃗ V 1 -⃗ V 6 are active vectors, and ⃗ V 0 and ⃗ V 7 are zero vectors, which depend on the on-state of the power switches. On this plane, the six active vectors form an elliptical plane and divide into six sectors (I-VI). The zero vectors are located in the center of the elliptical plane.
Under the unbalanced space vector plane, sectors I and IV always take a 90
• electrical degree while space vector planes in sectors II, III, V, and VI depend on the magnitude of the shift-angle θ v . It can be adjusted to positive or negative directions. This means that the shift-angle θ v influences the length of two active vectors in each sector. The elliptical space vector plane can be represented by positive and negative shift-angle directions as shown in Figures 3a and Figure 3b , respectively. The switching states of the unbalanced two-phase three-leg inverter are shown in Table 1 . When the upper switch of an inverter leg is turned to "1" and the lower switch is turned off, "0", the pole voltages producing the positive DC-link voltage through the pole voltages are zero when the lower switch is turned on. Therefore, the possible eight combinations of the power switches generate the unbalanced output voltages. Figure 4 shows a block diagram of the proposed SVM algorithm with the six steps. The SVM involves several design steps and complex modeling, thus incurring a higher computational burden than the conventional modulation technique. The step-by-step procedure for designing the SVM algorithm for the unbalanced twophase three-leg inverter is presented as follows.
Generalization of the discontinuous SVM algorithm
Step 1: The input variables are the modulating signal m a , the fundamental frequency f 1 , and the shiftangle θ v , which are converted into the three-phase instantaneous signals v
where the coefficient
shows that the amplitude of the reference voltage will be equal to the three voltage legs after the transformation. Step 3: The modulating signals in the two-phase stationary frame are transformed into the polar coordinates. Therefore, the magnitude of the reference vector ⃗ v * ref and the angular displacement θ * s can be obtained by:
From Eq. (9), the sector number (I-VI) is computed according to the value of angular displacement θ s . For example, the sector number is I when θ * s varies between zero and π/2 . Step 4: As shown in Figure 3 Table 2 .
By using sector number I as an example in Figure 3, 
To calculate the time duration in each sector as shown in Table 2 , the switching time intervals of voltage vector equations in each sector can be determined by switching states. 
Sector I:
[ (Figure 5b) conditions. It can be noted that switching sequences of the proposed algorithm can be generated the two variations, DSVM-1 and DSVM-2. DSVM-1 always uses ⃗ V 0 with a straightforward sequence. In this case, each pole voltage does not switch for one-third of its time period. It can be seen that the output pole voltages are clamped low. Similarly, DSVM-2 is involved using ⃗ V 7 , for which the output pole voltages are clamped high. The clamped voltages mean no switching for one-third of the time period. Therefore, the proposed SVM algorithm also achieves lower switching losses.
Step 6: The corresponding duty cycles in a complete period obtained using the proposed SVM technique are given in Table 3 for DSVM-1 and Table 4 for DSVM-2. These equations are generalized and applicable to any unbalanced two-phase three-leg inverter.
Results and discussion

Simulation results of the discontinuous SVM technique for the nonunity power factor balanced two-phase load
This subsection presents the simulation results that the unbalanced two-phase three-leg inverter obtains using the discontinuous SVM technique. The simulation results using MATLAB/Simulink are presented to verify the proposed modulation technique. The detailed system parameters are given as follows: the nominal DC-link voltage V dc is 500 V, the fundamental frequency f 1 is 50 Hz, the switching frequency f s is 5 kHz, and the Table 3 . Duty cycle calculation in DSVM-1. 
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modulation index m a is constant at 1.0. The shift-angle θ v is set at ±36.87
• . The system is connected to the nonunity power factor balanced two-phase load with a 1.2 kVA, 230 V, 50 Hz, 0.9 lagging power factor. • at t = 0.08 to 0.14 s. It can be noted that the modulation technique unifies the existing discontinuous modulations, depending on the switching sequence selections. From the waveform presented in Figure 6c and Figure 6d , it is obvious that the given is clamped either to the positive and negative states without any switching corresponding to one-third ( 120 • ) during the one main period of the fundamental frequency.
The simulated waveforms of the unbalanced output voltages and currents and the harmonic spectrum of voltages are given in Figure 7 and Figure 8 , respectively, for the two types of discontinuous SVM switching sequences. In Figure 7a , at θ v = +36.87
• for DSVM-1, the rms values of fundamental component output voltages v AB and v CB are about 316.1 V and 158 V, respectively. Different switching sequences using DSVM-2 are shown in Figure 7b , where the shift-angle θ v is a unit step change to −36.87
• at t = 0.08 s. The rms values of fundamental component output voltages v AB and v CB are 158.1 V and 316.3 V, respectively. It can be seen that the output voltage v CB is twice higher than v AB . In Figure 7c , the output currents with nonunity factor two-phase loads ( i A , i B , and i C ) are unequal due to the unbalanced output voltages. Moreover, it can be observed that the neutral current i B only has to carry the summation of current between the two-phase load back to the middle leg of the inverter. 
Simulation and experimental results of the discontinuous SVM technique for the unbalanced two-phase three-leg inverter controlling asymmetrical two-phase induction motor
The proposed unbalanced SVM technique for the three-leg inverter applied to the asymmetrical two-phase induction motor (TPIM) has been verified by simulation and experimental results. The block diagram and the experimental test bench of the proposed system are shown in Figure 9 , responsible for determining the modulating signals and distributing the corresponding generating pulses. The two-phase three-leg inverter operates over the 1/2-hp asymmetrical TPIM with standard V/f control. The DC-link voltage V dc is 500 V, and the switching frequency f s is 5 kHz. Also, the shift-angle θ v was set at 30
• as the turns ratio of windings is 1.71.
Using the proposed discontinuous SVM technique applied to the asymmetrical TPIM drive system, Figure 10 shows the simulated waveform under the unit step changing from DSVM-1 to DSVM-2 at 0.86 s. Figure 10a shows the simulation results of the discontinuous modulating signals and gating pulses. It can be seen that the gating pulses of the inverter are not switched continuously during the fundamental period. The output voltage and current waveforms at the full load torque are shown in Figure 10b, Figure 10c , and Figure 10d , respectively. It can be seen that output voltages v AB , v CB and currents i A , i C with the orthogonal are unbalanced. From the result in Figure 10d , it can be observed that output current i A leads output current Figure 9 . The configuration of a two-phase induction motor drive using the proposed SVM technique. i C , in which the magnitudes are unequal and the phase difference angle is fixed at 90
• . Figure 10e shows the rotor speed and torque of the asymmetrical TPIM with a constant full load torque, 2.5 Nm.
Two dynamic tests of the discontinuous SVM technique for the unbalanced two-phase three-leg inverter drive system are performed in Figure 11 . The discontinuous modulating signals and gating pulses when the SVM technique is changing unit step from DSVM-1 to DSVM-2 are shown in Figure 11a . It can be easily seen that the experimental waveforms are the same as the theoretical and simulated results. Figure 11b shows the voltages v AB , v CB and currents i A , i C of the drive system. The output voltages are generated unbalanced voltages supplied to the asymmetrical TPIM due to the turns ratio of machine windings. The two-phase output currents are unequal magnitude sinusoidal waveforms where both currents are regulated by 90
• . Therefore, the proposed SVM technique can be used in the unbalanced two-phase three-leg inverter for the asymmetrical TPIM drive system. Figure 12 shows experimental waveform analysis of the output current under no-load, half-load, and full-load torque. It can be seen that the current of the return middle leg in a three-leg inverter is calculated from i B = i A + i C , which can be easily seen from Figure 12a . Therefore, the rated current of the power switch in leg-B should be higher. To further the torque pulsation effect of the amplitude unbalanced output currents, the steady-state generated motor torque and load torque responses are shown in Figure 12b . The proposed approach can reduce the generated torque pulsations and noise signals. . Experimental waveforms of the proposed SVM technique for two-phase three-leg inverter applied to the asymmetrical TPIM drive system: a) duty cycles dA , dB , and dC (2V/div) and gating pulses S1 , S3 , and S5 (20V/div); b) output voltages, vAB and vCB (1000 V/div) and currents iA and iC (2 A/div).
To verify the proposed SVM technique, the results for all switching patterns are shown in Figure 13 . In Figure 13a , it is obvious that, under the conventional modulation technique, each switch is turned on and off in two timer switching cycles, i.e. six commutations per switching cycle. Figure 13b shows the negative clamped modulation technique (DSVM-1), while Figure 13c shows the positive clamped modulation technique (DSVM-2). Under the proposed discontinuous modulation techniques, the switching state is commuted four times in each switching cycle. It can be noted that the gating pulses of the proposed technique are not switched continuously in its time period, resulting in a lower number of commutations for one-third of the fundamental period compared to the conventional modulation technique.
By properly setting the amplitude and frequency of the unbalanced two-phase output voltage for the asymmetrical TPIM by using the proposed modulation technique, it can be operated at the intersection point of the torque-speed characteristic curve of the motor as shown in Figure 14a . When the load torque changes, the standard amplitude and frequency control is adjusted such that the motor can operate at another intersection point. Finally, the efficiency of the inverter system is measured using the conventional SVM, DSVM-1, and DSVM-2, where the obtained results are as shown in Figure 14b . This result confirms the merit of having a reduced number of commutations, where higher efficiency can be reached. Figure 14 . Performance comparison of the proposed discontinuous SVM technique for unbalanced two-phase threeleg inverter applied to asymmetrical TPIM drive system: a) torque-speed characteristics, b) measured efficiency of the proposed inverter system using different modulation techniques at different load torque conditions.
Conclusion
A discontinuous SVM technique for unbalanced output voltages based on a two-phase three-leg inverter is presented in this paper. The proposed SVM algorithm is composed step by step, suggesting six variations depending on switching sequence selections. The advantages are simplified modulation technique, reduced switching commutation, and ease for digital control implementation. The feasibility of the proposed modulation technique for the three-leg inverter has been verified by simulation and experimental results. This confirms that the discontinuous SVM technique is able to achieve good performance with quality to the output voltages and currents in dynamic and steady-state conditions. The numbers of commutations compared to the conventional modulation technique are reduced and the voltage leg is distributed more evenly on each power device for about one-third of the cycle. The application of the proposed modulation technique and inverter system is able to achieve good performance for the two-phase load system and the asymmetrical TPIM drive system.
